Voltage-gated chloride channels (ClCs) are important mediators of cellular ion homeostasis and volume regulation. In an earlier study, we used immunohistochemical, Western blot, and reverse transcriptase PCR (RT-PCR) approaches to identify ClC-K variants in types II, IV, and V fibrocytes of the rodent spiral ligament. We have now confirmed the expression of ClC-K2 in these cells by in situ hybridization. All three of these fibrocyte subtypes are thought to be involved in cochlear K + recycling; thus, it is important to understand the precise mechanisms regulating their membrane conductance and the role played by ClCs in this process. In this study, we report the characterization of a secondary cell line derived from explants from the region of the rat spiral ligament underlying and inferior to the spiral prominence. The cultured cells were immunopositive for vimentin, Na,K/ATPase, Na,K,Cl-cotransporter, carbonic anhydrase isozyme II, and creatine kinase isozyme BB, but not for cytokeratins or Ca/ATPase, an immunostaining profile indicative of the type IV subtype. Evaluation of the cultures by RT-PCR and Western blot analysis confirmed the presence of both ClC-2 and -K2. Whole-cell patch clamp recordings identified two biophysically distinct Cl _ currents in the cultured cells. One, an inwardly rectifying Cl _ current activated by hyperpolarization or decreasing extracellular pH corresponded with the properties of ClC-2. The other, a weak outwardly rectifying Cl _ current regulated by extracellular pH, Cl _ , and Ca 2+ resembled the channel characteristics of ClC-K2 when expressed in Xenopus oocytes. These findings suggest that at least two functionally different chloride channels are involved in regulating membrane anion conductance in cultured type IV spiral ligament fibrocytes.
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INTRODUCTION
At present, three families of chloride channels have been identified (Estevez and Jentsch 2002) . The cystic fibrosis transmembrane conductance regulator (CFTR) was found in the epithelium of many tissues such as lung, colon, and pancreas and in other cell types such as heart muscle and lymphocytes (Riordan et al. 1989; Kunzelmann 1999) . The ligand-gated chloride channels are predominantly expressed in the central nervous system. The voltage-gated chloride channel (ClC) family has nine members so far identified in mammals, termed ClC-1 to -7, -K1, and -K2 (Jentsch et al. 1993; Jentsch et al. 2005) . The highly homologous chloride channel ClC-K1 and -K2 subtypes, along with their common b-subunit barttin, were found in the kidney and inner ear. In the inner ear, ClC-Ks are present in strial marginal and vestibular dark cells, Deiters cells, spiral ganglion neurons, types II, IV, and V, and supralimbal fibrocytes and osteoclasts in the otic capsule (Ando and Takeuchi 2000; Estevez et al. 2001; Sage and Marcus 2001; Spicer et al. 2003; Qu et al. 2006) . ClC-K1 and -K2 channels appear to be coexpressed in some inner ear cell types and may compensate for each other functionally as suggested by the preservation of hearing in the presence of a mutation in one but not both of the ClC-K variants (Simon et al. 1997; Matsumura et al. 1998; Estevez et al. 2001; Qu et al. 2006) .
Fibrocytes in the cochlear lateral wall were classified into five major subtypes based on their distribution, morphology, and expression of specific protein markers . Although types II, IV, and V fibrocytes occupy different localizations, similarities in their immunostaining profile for ion transport proteins and ultrastructural features suggest that they share a common activity, namely, the uptake of K + from perilymph for its return to endolymph via the hypothesized lateral K + recycling pathway. It is probable that ClC-Ks mediate the exit of Cl _ imported by Na,K/ATPase and Na,K,Cl-cotransporter activities and maintain normal cellular electrical and ionic homeostasis in these fibrocytes (Crouch et al. 1997; Qu et al. 2006) . Secondary cultures of type I spiral ligament fibrocytes have been successfully established (Gratton et al. 1996; Suko et al. 2000; Liang et al. 2003; Shen et al. 2004) . Although these cells retain many of their in vivo characteristics and provide a good source for physiological studies, reports of the successful culture of other spiral ligament fibrocyte subtypes are lacking. In this study, we report the establishment of a type IV fibrocyte cell culture. The cultured cells were characterized immunocytochemically with protein markers specific to various spiral ligament fibrocyte subtypes. The expression of ClC-2 and -K2 in the cultured fibrocytes was confirmed at the mRNA and protein levels. Whole-cell patch clamp studies revealed two discrete Cl _ current with channel biophysical characteristics resembling those of ClC-K2 and -2.
MATERIALS AND METHODS

Tissue preparation and cell culture
Two-week-old Sprague-Dawley rats were heavily anesthetized and decapitated. The inner ears were harvested rapidly and the spiral ligaments from two ears were dissected at 4-C under aseptic condition. The segment lying deep and inferior to the spiral prominence of the spiral ligament was collected and minced into small pieces using a corneal scissors. Some of the tissue pieces from each ear were collected and pooled for reverse transcriptase PCR (RT-PCR) analysis. The others were transferred to 35 Â 10-mm petri dish (Corning Inc., Corning, NY, USA) for primary cell culture. The explants were kept in a CO 2 incubator at 37-C and fed with media twice a week (Gratton et al. 1996; Liang et al. 2003) .
The culture media consists of a-minimal essential medium supplemented with hydrocortisone (36 ng/ml), insulin (5 mg/ml), selenium (5 ng/ml), transferrin (5 mg/ml), triiodothyronine (4 pg/ml), 0.1% penicillin-streptomycin, and 10% fetal bovine serum, all purchased from Invitrogen Co. (Carlsbad, CA, USA). After reaching full confluence, the primary cultures were subcultured. The care and use of animals in this study was approved by the Medical University of South Carolina_s Animal Review Committee under NIH grant no. DC00713.
Immunocytochemistry
Cultured fibrocytes were fixed with 10% formalin in phosphate-buffered saline (PBS) containing 0.5% zinc dichromate (pH 5.0) and permeabilized with 0.5% Triton X-100 before immunostaining. The primary antisera and dilutions were as follows: rabbit antiNa,K/ATPase 31B at 1:500 (provided by Dr. G. 
Western blot analysis
Confluent cells were washed with ice-cold PBS and lysed with 200 ml Triton X-100 lysis buffer containing protease inhibitors (Roche Applied Science, Indianapolis, IN, USA). The extract was centrifuged at 14,000Âg for 15 min at 4-C. Supernatant protein concentration was determined by the bicinchoninic acid protein assay (Pierce Biotechnology, Inc., Rockford, IL, USA). A 30-mg sample of protein was resolved on 10% sodium dodecyl (lauryl) sulfatepolyacrylamide gel, and then transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 0.01% PBS Tween-20 containing 5% nonfat dry milk at room temperature for 1 h, washed, and incubated overnight at 4-C with a primary antiserum. The primary antisera used were against ClC-2 at 1:400 and ClC-K at 1:400 (Alomone Labs, Ltd., Israel). The blots were developed using enhanced chemiluminescence reagent (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). As a control, some blots were exposed to primary antiserum preincubated with blocking peptide at a concentration of 0.9 mg/ml for 30 min before use.
RT-PCR analysis
Cellular RNA was isolated by Trizol (Invitrogen Co.) from the cultured fibrocytes, skeletal muscle, lung, and three different regions of the cochlea: the stria vascularis, the organ of Corti, and the spiral ligament. One microgram of total RNA was reverse transcribed into cDNA using a RETROscript \ Kit (Ambion, Inc., Austin, TX, USA). Sequences of PCR primers are provided in Table 1 . The specimens were preheated at 95-C for 3 min followed by 35 cycles at 95-C for 45 s, 55-C for 1 min, and 72-C for 1.5 min. PCR products were separated on 1.5% agarose gels and products of predicted size were extracted using QIAquick gel extraction (Qiagen Inc., Valencia, CA, USA) and cloned into a TOPO TA Cloning vector (Invitrogen Co.). The sequences acquired from cloned plasmids were assessed using BLAST database at the National Center for Biotechnology Information. Negative controls were performed by omitting the reverse transcriptase in the RT reaction.
In situ hybridization
The detailed procedure for tissue processing was described previously (Qu et al. 2006) . In brief, the cochlease were fixed in 10% formalin containing 0.9% NaCl and 0.5% zinc dichromate at pH 5.0, decalcified in 0.12 M EDTA solution at pH 7.2, and embedded in Paraplast Plus after dehydration. The tissue blocks were serially sectioned at 5 mm in thickness and mounted on glass slides.
Digoxigenin (DIG)-labeled riboprobes for ClC-K2 were generated from PCR templates containing T7 and SP6 RNA polymerase promoters at both ends using a DIG RNA Labeling Kit (Roche Applied Science). The specific primer sequences were acquired from an earlier publication (Yoshikawa et al., 1999) with the sequences for EcoRI and BamHI sites substituted by sequences for T7 and SP6 RNA polymerase promoters, respectively.
The tissue sections were deparaffinized and rehydrated before incubation with either antisense or sense probes (500 ng/ml) for 16 h at 58-C. The hybridization buffer consisted of 4Â SSC, 250 g/ml yeast tRNA, 10 mM DTT, 10% dextran sulfate, 2Â Denhardt_s solution, and 50% formamide. The posthybridization washes were done by incubation for 30 min in 2Â SSC at 25-C, 1 h in 2Â SSC, and 1 h in 0.1Â SSC at 65-C. The hybridized probes were detected by alkaline phosphatase-conjugated anti-DIG Fab fragments and NBT/BCIP substrate medium following instructions for the DIG Nucleic Acid Detection Kit (Roche Applied Science). The sections were then rinsed, dehydrated, and mounted in VectorShield (Vector, Burlingame, CA, USA).
Whole-cell current recording
The pipette tips were fire-polished with a microforge (WPI, Sarasota, FL, USA) to 2-4 MW resistance when filled with 140 mM NaCl solutions. The contents of pipette and bath solutions are shown in Table 2 . The cultured fibrocytes were subjected to a short enzyme treatment (0.05% trypsin-EDTA, 15 min) and a gigaseal (95 GW) was formed between the cell membrane and the rim of the pipette opening by gentle suction. Further gentle suction was applied to break the patched cell membrane. Serial resistance and membrane capacitance were routinely measured and compensated to õ70%. Microcal Origin 5.0 and pClamp 8.0 software were used for data collection and analysis. The data were expressed as meanTSE (N, number of cells). 
RESULTS
Characterization of cultured cells
Sparse stellate-shaped cells appeared at the edge of the explant between 3-7 days in the primary culture.
Spindle-shaped cells with slender processes gradually occupied the area surrounding the explant (Fig. 1A) . Cells in the secondary culture exhibited a stellate morphology with irregular cell processes before confluence (Fig. 1B) , but acquired the spindleshaped morphology of typical fibrocytes upon reaching confluence (Fig. 1C) .
Ultrastructural observations of confluent secondary cultures revealed several layers of cells with narrow overlapping processes ( Fig. 2A) . Each cell contained a single elongated nucleus. Scattered mitochondria and rough endoplasmic reticulum made up the majority of the organelles (Fig. 2B) . Profiles of small round vesicles, presumably secretary in nature, were frequently seen underlying the plasma membrane (Fig. 2C) . The relatively narrow extracellular spaces between the cells contained accumulations of fibrous and amorphous materials. The cell surfaces were generally smooth and lacked microvilli and plasmalemmal evaginations. Although the cell membranes were frequently in close contact, gap junctions were not observed between cell bodies and/or their processes.
The secondary cultures were further characterized using a panel of antibodies directed against protein markers specific for the different subpopulations of spiral ligament fibrocytes (Table 3) . Positive staining for vimentin, but not cytokeratins (Fig. 3A, B) , suggested the embryonic mesodermal rather than ectodermal or endodermal origin of the cells. The cultured cells showed moderate to strong immunostaining for carbonic anhydrase II, creatine kinase BB, Na,K,Cl-cotransporter, and Na,K/ATPase, but failed to react with antiserum to Ca/ATPase (Fig. 3C-G) . No immunoreactivity was observed in cultured cells when nonimmune serum was used in place of primary antiserum (Fig. 3H ). This immunostaining profile for the cultured cells was consistent with that for type IV fibrocytes in vivo.
Expression of ClC-K2 mRNA in the cochlea
Both ClC-K1 and -K2 were identified in the spiral ligament using Western blot and RT-PCR procedures (Qu et al. 2006) . However, because the antiserum used in the previous study did not discriminate between the K1 and K2 variants, in situ hybridization was employed here to define the cell type-specific distribution of ClC-K2 in the cochlea. Strong staining was present in types II, IV, and V spiral ligament fibrocytes, limbal fibrocytes, ganglion neurons, and osteoclasts in the otic capsule in sections hybridized with ClC-K2 antisense probes (Fig. 4) . No detectable hybridization signal was present in types I or III spiral ligament fibrocytes, the organ of Corti, or the stria vascularis. There was no staining when a sense DIG probe was used for hybridization (data not shown).
Expression of ClC-K2, but not ClC-K1, in the cultured fibrocytes
The expression of known ClC and the CFTR channels was investigated in the cultured cells and the spiral ligament by RT-PCR analysis. Total RNA isolated from the cultured cells and the region of spiral ligament from which they were obtained were analyzed with primers specific for ClCs and CFTR as listed in Table 1 . Messenger RNAs for ClC-2, -3, -4, -5, -6, -7, and -K2 were detected in secondary cell cultures and tissue preparations, but mRNA of ClC-K1 was present only in spiral ligament tissues (Fig. 5A,  B) . In contrast, mRNA for ClC-1 and CFTR was not detected either in the cultured cells or tissues. To   FIG. 2 . Ultrastructure of confluent cells in secondary culture. A, B Sections cut perpendicular to the surface of the culture dish reveal several layers of spindle-shaped cell with elongated nuclei. The slender processes are closely apposed to each other with little intercellular separation and contain abundant dilated rough endoplasmic reticulum and different-sized mitochondria. C Numerous small round vesicles (arrows) are present beneath the plasma membrane in one process near an extracellular accumulation of amorphous material (arrowhead). Â5,000 for subpanel A, Â6,500 for subpanel B, and Â10,000 for subpanel C. ensure that the lack of amplification for skeletal muscle specific ClC-1 (Steinmeyer et al. 1991) and CFTR in cultured cells was not owing to the PCR conditions, we confirmed the presence of the corresponding transcripts in positive control tissues known to express these channels (Fig. 5C) . Control experiments in which no reverse transcriptase was added to the reactions to test for genomic DNA contamination of RNA samples were uniformly negative (data not shown). ClC-3 to -7 are thought to be expressed only in membranes of intracellular organelles (Jentsch et al. 2005 ) and thus would not be expected to contribute to whole-cell Cl _ currents. However, ClC-2 and -K2
are located in the plasma membrane and their expression in the cultured cells was further analyzed by Western blot (Fig. 6) . Preincubation of each antiserum with its matched peptide eliminated the staining of the blots (data not shown). Although the antibody against ClC-K is unable to discriminate between K1 and K2 variants, the positive band is most likely attributable to ClC-K2 because ClC-K1 mRNA was not detected in the cultured cells.
Recording of ClC-K2-like and ClC-2-like whole-cell Cl
_ currents in cultured cells
In the whole-cell patch clamp studies, tetraethylammonium (TEA) was used as the major cation in the pipette solution to block simultaneous K + activity and thus to study the Cl _ currents in isolation. To avoid activation of swelling-activated chloride channels, the osmolarity of the pipette solution was kept 10% below that of bath solution. The currents were recorded at least 1 min after the establishment of whole-cell configuration. Using a voltage protocol that stepped from a holding potential of 0 mV through voltages ranging from _ 100 to +100 mV in 20 mV steps, small currents were observed that increased in amplitude in response to depolarizing voltage steps (n = 15, Fig. 7A , B). The current/voltage (I/V) relationship (Fig. 7C) showed a weak outward rectification. To determine the anion permeability of the currents, we performed anion substitution experiments in which Cl _ (150 mM) in the bath solution was partially replaced with I _ (140 mM). The changes in the reversal potential and current amplitude were evaluated. The shift of the reversal potential in a positive direction indicated that I _ is less permeable than Cl _ (Fig. 7D) , which is an important property of ClC currents (Chen 2005) . We also found that the wholecell currents were regulated by extracellular pH changes and Cl _ and Ca 2+ concentrations, but not cyclic AMP. The current amplitude increased markedly with a bath pH change from 7.4 to 6.5 and decreased sharply when extracellular pH was alkalinized from 7.4 to 8.5 (Fig. 8A) . Changing the [Cl _ ] in the bath solution from 150 to 50 mM caused a marked decrease in current, which was reversible (Fig. 8B) . A change in the extracellular [Ca 2+ ] from 1 mM to nominally 0 led to a marked reduction of currents over the measured voltage range (Fig. 8C) .
However, the introduction of extracellular cyclic AMP in a cocktail containing 10 mM Forskolin and 100 mM IMBX had no significant effect on channel activity (Fig. 8D) . These electrophysiological characteristics closely resemble those of ClC-Kb channels (human homolog of ClC-K2) when expressed in Xenopus oocytes with the exception of pH, which has an opposite effect (Estevez et al. 2001; Waldegger et al. 2002) .
When we changed the protocol to hyperpolarizing voltage steps ranging from _ 140 to +60 mV, hyperpolarization-activated Cl _ currents occasionally could be recorded (n = 2, Fig. 9 ). The characteristics of these inward rectifying currents, including the timedependence and activation by lowering extracellular pH, were typical of ClC-2 channel currents recorded in mammalian cells or when heterologously expressed in Xenopus oocytes Jordt and Jentsch 1997; Schwiebert et al. 1998 ).
DISCUSSION
Taking advantage of the well-established distribution of spiral ligament fibrocyte subtypes, we were able to use microdissection techniques to isolate and establish primary and secondary cultures of type IV fibrocytes. The identity of the cultured cells was verified immunocytochemically with protein markers specific for various spiral ligament cell types. The cultured type IV fibrocytes appeared to maintain their in vivo immunostaining profile as do cultured type I fibrocytes (Gratton et al. 1996; Liang et al. 2003) . The type IV fibrocytes appeared to have a higher cytoplasmic to nuclear area ratio and more abundant mitochondria than was seen in type I secondary cultures and also contained numerous small round vesicles beneath their plasma membrane. These vesicles and the extensive network of dilated rough endoplasmic reticulum are indicative of active protein synthesis and secretion by these cells. The amorphous material observed in the intercellular spaces in the cultures shared similar ultrastructural features with that seen in type I fibrocyte cultures and may represent collagen and fibronectin as in other fibroblast cell cultures (Goldberg and Green 1964; Hedman et al. 1978; Gratton et al. 1996) . Also similar to type I fibrocytes in culture, the cultured type IV fibrocytes failed to form gap junction connections with one another even at confluence (Liang et al. 2003) . These results suggest that a particular microenvironment may be required to facilitate the formation of the extensive gap junctions that occur between spiral ligament fibrocytes in vivo. This supposition is supported by data showing that two different cultured hepatoma cell lines (7777 and H4IIE-C3) are deficient in connexin (Cx) expression and gap junction-mediated intercellular communication, but when transplanted into muscle to form tumors these cell lines expressed Cx32 mRNA at a level of 15-70% of that found in normal liver tissues (Neveu et al. 1994 ). Another hepatoma cell line (9618A) expressed Cx43 mRNA and protein in vitro but switched to express Cx32 mRNA in vivo. These data indicate that Cx expression, at least in hepatoma cells, is dependent on environmental influences and suggests the possibility of inducing gap junction formation between type IV fibrocytes by altering the composition of the medium or other culture conditions.
Although a few members of the ClC family have previously been identified in the inner ear (Oshima et al. 1997; Kawasaki et al. 1999 ; Ando and Takeuchi 2000; Kawasaki et al. 2000; Sage and Marcus 2001) , this is the first report documenting a complete gene expression profile for the entire ClC family in the spiral ligament. The RT-PCR results showed that mRNAs for ClC-2 to -7 are present in the spiral ligament and in type IV fibrocytes isolated and cultured from this tissue region. However, the skeletal muscle-specific ClC-1 was not detected in either preparation, consistent with expectations from studies in other tissues (Steinmeyer et al. 1991; Jentsch et al. 1995; Olsen et al. 2003; Davies et al. 2004) . The broad tissue distribution patterns of ClC-2 to -7 indicate their essential roles in basic cellular functions, including volume regulation and acidification of intracellular vesicles. In contrast, ClC-K1 and -K2 are expressed specifically in the kidney where they function in transepithelial Cl _ transport and in the inner ear where they appear to mediate the exit of Cl _ from cells after its active uptake by the K,Clcotransporter and/or the Na,K,Cl-cotransporter (Qu et al. 2006) . Our earlier work also suggested that the K1 and K2 variants are coexpressed in many inner ear cell types and may have the capacity to compensate for one another functionally. This compensatory relationship was proposed because normal hearing is preserved with the loss-of-function of either variant, as demonstrated in ClC-K1 knockout mouse and Bartter_s syndrome type III (Simon et al. 1997; Matsumura et al. 1998 ). On the other hand, the loss of both ClC-Ks or their common b-subunit results in deafness (Estevez et al. 2001; Schlingmann et al. 2004) . Message for ClC-K1 and -K2 was present in regions of freshly isolated spiral ligament tissues that were seeded for the primary cultures. However, mRNA for ClC-K1 was not detectable in the cultured type IV fibrocytes, suggesting either that it is not normally present in this fibrocyte subtype or that its expression is down regulated under cell culture conditions. The latter prospect is not unreasonable because, for instance, a differential transcriptional effect underlies the loss of tissue specificity in primary cultures of mouse hepatocytes with decline of liver-specific mRNA (Clayton and Darnel 1983) . Also, freshly isolated skeletal muscle from newborn rats expressed both a1 and a2 subunits of the Na,K/ATPase, whereas skeletal muscle in culture expresses only the a1 subunit isoform (Sharabani-Yosef et al. 1999) .
Both the ClC-K2 and -2 variants were detected in cultured type IV fibrocytes using RT-PCR and Western blot procedures. Because we wished to investigate the electrophysiological feature of whole-cell chloride currents in the cultured fibrocytes under nonstimulatory conditions, the recordings were performed using a weak hypoosmotic intracellular solution (90% of osmolarity of the extracellular solution) to minimize swell- ing-activated chloride currents. The ClC-2 and -K2 currents were measured in different cells using different pulse voltage protocols. The general electrophysiological characteristics of ClC-2-mediated whole-cell currents include swelling activation, inward rectification, and activation by lowering extracellular pH. Observations of currents with such features were rare, being seen only twice. These findings suggest that the major role of ClC-2 in type IV fibrocytes may be in regulating cell volume (Gründer et al. 1992; Obermuller et al. 1998) . In all other cases, the recorded currents had characteristics closely resembling those for ClC-K2, including outward rectification regulated by extracellular Cl _ and Ca 2+ concentration and the relative anion permeability of Cl _ > I _ (Waldegger and Jentsch 2000) . However, we cannot exclude the possibility that a minor portion of the current could be carried by ClC-2, as suggested by the opposite regulatory effects of extracellular pH. Although ClC-2 and -K2 are likely coexpressed in all of the cultured cells, the experimental conditions used here made it difficult to record ClC-2 currents. In addition, the expression of ClC-2 can vary with the state of the cell cycle (Furukawa et al. 2001) . A relatively low and variable level of expression of ClC-2 is consistent with the other data here, which strongly suggest that ClC-K2 is the dominant chloride channel in the plasma membrane of cultured type IV fibrocytes.
